relevance of interactive effects within marine systems is debated and a mechanistic understanding 25 of its complexities, including microbe-substrate relationships, is lacking. As a first step toward 26 uncovering mediating processes, the interactive effects of distinct pools of OM on the growth and 27 respiration of marine bacteria, individual strains and a simple, constructed community of 28
possess multiple catabolic pathways for aromatic compound degradation (Newton et al. 2010) . 91
Given their abundance, metabolic activity, and ability to oxidize plant-derived aromatic 92 monomers, members of the Roseobacter clade are ideal lab cultivars to examine how 93 representative members of the estuarine community may undergo interactive effects to degrade t-94
DOM. 95 96
Here we assess the influence of labile carbon concentration and chemical identity on the growth 97 dynamics and respiration of representative marine bacteria provided an environmentally relevant 98 and natural source of organic matter (NOM). The NOM utilized in these experiments was derived 99 from the Suwanee River, a Southeastern US blackwater river, and is enriched in aromatic moieties 100 of lignin origin (Her et al. 2003) . We used monocultures of two coastal Roseobacter species, 101
Sagittula stellata E-37 and Citreicella sp. SE45, both of which were isolated from Southeastern 102 coastal waters and have demonstrated abilities to degrade plant-derived recalcitrant compounds 103 (Gonzalez et al. 1997; Frank 2016; Chua 2018) . We constructed community of six coastal bacteria 104 that included these two strains community as well as four other Roseobacter strains selected based 105 on the number (1-6) and types of aromatic carbon catabolism pathways present in their genomes 106 (Table 1) . In this study, 16 labile organic matter (LOM) conditions were tested in a fully factorial 107 experiment. Four substrates, ranging from simple to chemically complex (sodium acetate, 108 coumarate, casamino acids + tryptophan, and tryptone, in order of increasing chemical complexity) 109 at four concentrations (1, 4, 40, and 400 µM-C; Table 2 ) were provided as growth substrates for 110 monocultures of S. stellata and Citreicella sp. SE45 and the six-member constructed community. 111
Sources of LOM were chosen to represent a gradient of chemical complexities that are 112 differentially processed by microbes: sodium acetate and casamino acids + tryptophan are likely 113
shunted directly into central metabolism; tryptone is a mixture of oligo-peptides, many of which 114 require initial extracellular enzymatic breakdown before products are transported across the cell 115 membrane and enter central metabolism; and coumarate, an aromatic monomer derived from lignin 116 (Hedges et al. 1988 ). Cleavage of the aromatic ring requires specific pathways that are found in a 117 limited number of microbes and are most often subject to catabolite repression (Dal, was used as a representative t-DOM. This material is a discipline standard for natural organic 142 matter (Her et al. 2003) . Incubations occurred in the dark as the aromatic moieties in NOM are 143 sensitive to photodegradation. NOM is provided in lyophilized form from IHSS and was 144 suspended in Milli-Q water and 0.22 µm filter-sterilized prior to addition to the medium. NOM 145 was held at a constant concentration of 2 mM-C for all experiments.
13 C NMR estimates of carbon 146 distribution provided by IHSS show that Suwannee NOM comprised of roughly 25% aromatic 147 residues. 148 149 Four different forms of labile organic matter (LOM) (sodium acetate, casamino acids + tryptophan, 150 coumarate, and tryptone) were added at four concentrations (400, 40, 4, and 1 µM-C) using ABM 151 as the base medium. Cultures were grown for 14 days in the dark at 30°C, with shaking. Substrate 152 concentrations were selected after a preliminary experimentation using a LOM concentration 153 gradient of 400 µM-C to 20 nM-C. All glassware used was combusted at 450° C for at least four 154 hours to remove trace organic carbon. All experiments utilized cultures preconditioned on 2 mM-155 C p-hydroxybenzoic acid to match the carbon concentration of the Suwannee River NOM utilized 156 in the mesocosms. The growth rates of all strains on this substrate at this concentration are 157 comparable and mid-exponential phase cultures were used as inoculum at volumes of 10 -100 µl. 158
As cells were not washed prior to transfer to fresh media, there may have been some modest 159 carryover of p-hydroxybenzoate (< 2µM). Nonetheless, carryover would have been consistent 160 across treatments for a given strain or the six-member community and comparisons were always 161 made to composite data (NOM plus LOM alone controls) which would have the same amount of 162 7 carryover. Viable cell density experiments were carried out in volumes of 10 mL while 163 respirometer incubations were in 125 mL volumes. 164
165
Experimental treatments. All experiments assessed interactive effects of organic matter by 166 comparing viable cell density or respiration in a treatment containing both labile and recalcitrant 167 organic matter to the sum of growth or respiration in treatments containing only one of those 168 carbon sources. There were a total of four treatments: NoC (no carbon addition control), LOM 169 (labile organic matter alone), NOM (Suwannee River natural organic matter alone), and "mix" 170 (LOM + NOM treatments) ( Table 2 for two days, while constructed community plates were incubated for four days in order to allow 188 the development of identifying pigment. Plates with 30-300 colonies were counted. Cultures were 189 spot-checked for cell clumping by microscopy and none was evident (Fig. S1) . http://github.com/lnmquigley/roseo_priming_2018. Cell densities were log-transformed and sub-211 setted by day. For each day, a three-way ANOVA was performed to determine whether differences 212 in cell densities were being driven by treatment, concentration or source of LOM. Because the 213 experimental design was unbalanced, two three-way ANOVAs were performed on the final time 214 point in the respirometer incubations in order to determine the factors influencing CO2 215 accumulation. Additionally, rates were calculated during exponential CO2 production, and three-216 way ANOVAs were employed to identify factors influencing the rate of CO2 production. For all 217
ANOVAs, Fisher's least significant difference was used as a post hoc test and p-values were 218 adjusted to correct for the false discovery rate using the Benjamini-Hochberg correction 219 (Benjamini and Hochberg 1995) . 220 221 Community composition was determined by visually identifying constructed community members 222 based on their distinct colony morphologies (Fig. S2) . In order to calculate α diversity in the 223 constructed community experiments, Shannon entropy was calculated for each culture, which was9 then exponentially transformed into Hill numbers, also known as effective species number (Jost 225 2007) . A three-way ANOVA was performed to determine the relationship between effective 226 species number and treatment, concentration and source of LOM. The p-values obtained from the 227
Fisher's least significant difference were adjusted using the Benjamini-Hochberg correction to 228 account for multiple comparisons. A Bray-Curtis dissimilarity matrix was calculated using all 229 constructed community cultures for each day. In order to determine sources of variation 230 (treatment, concentration, and/or source of LOM) within the Bray-Curtis dissimilarity matrix, a 231 permutational MANOVA was employed using the Adonis function in the R package vegan 232 (Oksanen et al. 2017) . 233
Results 234

Substrate preferences vary between individual strains 235
To assess the extent to which each LOM type and concentration could support the growth of the 236 tested coastal marine bacteria, we monitored viable counts of monocultures of E-37 and SE45 as 237 a function of organic matter treatment. Viable cell abundances for SE45 and E-37 increased two 238 to three orders of magnitude within the first 24 hours of incubation, depending on the concentration 239 of LOM provided (Fig. 1) . In both strains, LOM type and concentration interacted significantly to 240 drive cell densities at each time point (three-way ANOVA, n=5, p<0.001, Tables S1 and S2), with 241 the single exception of E-37 on Day 14 (Table S2) . For all four LOM types, the two lowest 242 concentrations of LOM (1 and 4 µM) did not support reliable growth, relative to No C added 243 controls, of either of the two monocultures over the course of the experiment (Fig. 1) . With the 244 exception of E-37 provided 40 µM tryptone, neither of the two bacterial isolates showed 245 consistently robust growth at 40 µM with the remaining LOM substrates (Fig. 1) . For all LOM 246 types, the highest concentration of labile carbon (400 µM) showed significantly enhanced growth 247 of both the strains (7-15 times greater than No C). A general trend emerged for all cultures in 248 which cell viability increased rapidly at the start of the experiment and was followed by a decline 249 beginning at Day 4 or later. SE45 saw declines ranging from 73-85% of viable cells in all of the 250 400 µM LOM alone treatments. However, viable cells remained significantly (at least 3-fold) 251
higher than No C controls throughout the course of the experiment (Fig. 1) . In contrast, E-37 252 demonstrated a more rapid decline in viability. By the end of the 14-day incubation period, strain 253 E-37 had < 1% of maximum viable cells remaining in the LOM alone treatments provided 400 254 µM-C acetate, casamino acids and coumarate. Furthermore, viable counts in those cultures were10 indistinguishable from No C controls by Day 10 or earlier. Viable count data indicate that both 256 monocultures and the community are able to use a small fraction of NOM-derived carbon in the 257 absence of any LOM (Fig. 1) . 258
259
Each strain demonstrated unique and apparent preferences for the four different LOM types. Given 260 the boom and bust growth dynamics described above, we focused on maximal viable counts within 261 the first 48 hrs of the experiment for all LOM types provided at the highest concentration (400 262 µM). E-37 reached the highest cell densities on coumarate, nearly ten-fold higher viable counts 263 compared to No C controls (2.3´10 7 ± 6.28´10 6 vs 2.86´10 6 ± 9.34´10 5 CFU/mL) and lowest on 264 acetate (5.18´10 6 ± 1.58´10 6 CFU/mL). E-37 grew equally well on casamino acids and tryptone. 265 SE45 growth was equivalent on all substrates except casamino acids, for which its viable counts 266
were ~50% of those grown on the other three substrates within the first few days of the experiment 267 ( concentrations. While E-37 viable cell densities generally tracked with LOM concentrations, the 280 differences in maximum cell densities across LOM type and concentration were less than an order 281 of magnitude, compared to on average 10-fold difference in SE45 treatments between 400 µM-C 282 and the lower concentrations. 283 284 While both strains displayed a significant growth response to the majority (³ 75%) of mixed-285 substrate treatments, the effect was always transient (Fig. 1, Table 3 ). Both synergistic (positive) 286 and antagnostic (negative) responses were observed, and the responses were species-specific. A 287 significant synergistic response was seen for SE45 on all four LOM substrates at the highest 288 concentration (400 µM-C). However, this was displayed at different time points for the different 289 LOMs (Fig. S3, Table 3 ). Conversely, antagonistic interactions (i.e., composite cell densities 290 significantly higher than those in mixtures) were observed for all LOM types at 4 µM-C (Fig. S3 , 291 Table 3 ) with this strain. Inconsistent trends were observed in other LOM concentration treatments. 292 E-37 also displayed a significant response to all four LOM substrates at the highest concentrations, 293 but the effect was negative on one substrate: tryptone (Fig. S3, Table 3 ). Growth of E-37 was 294 negatively influenced at some point during the experiment for all concentrations of tryptone, 295 except the lowest (1 µM-C). While a synergistic response was observed with coumarate at the 296 highest concentration, antagonistic responses were observed with this substrate at the three lower 297
concentrations. When E-37 displayed a significant growth response on casamino acids, it was 298 always synergistic. 299 300 Due to the differential growth responses of the two strains to different concentrations of casamino 301 acids, additional experiments were performed to monitor respiration at all concentrations of this 302 LOM. Respiration assays were also performed on cultures provided acetate and coumarate at the 303 highest LOM concentration (400 µM-C) to provide comparative information on the influence of 304 different chemical compositions of LOM to microbial metabolism. These assays were run for 305 seven days as the majority of culture growth from the previous experiment occurred within the 306 first few days of incubation (Fig. 1) . As a result of automated sampling, the respiration data 307 provided higher temporal resolution. However, due to the sensitive nature of the probes it was 308 neither possible to agitate the culture vessels nor take samples for viable counts throughout the 309 course of the incubation, as was done for the previously described experiment. Instead, viable 310 counts were performed for the seeding inoculums and each vessel at the final (Day 7) time points 311 (Table S3) . These values likely do not reflect the maximum viability of these cultures which is 312 anticipated to have occurred earlier in the experiment, consistent with what was observed for the 313 first experiment (see Fig. 1 ). Indeed, it is likely that by Day 7, cultures would be experiencing a 314 decline in cell viability for several of the treatments.
316
The response by SE45 to mixed conditions when measured via respiration matched the results 317 found in the initial experiment for 1, 4, and 400 µM-C casamino acids (Fig. 2) . However, mixed 318 and composite CO2 production were statistically indistinguishable from each other with cultures 319 provided 400 µM-C coumarate and 40 µM-C casamino acids (Fig. 2, Table 5 ), despite the fact that 320 these treatments exhibited significant synergistic and antagonistic responses, respectively, when 321 assayed by viable count during the initial experiment (Fig. 1) . CO2 production in NOM alone 322 treatments was statistically indistinguishable from mixed OM treatments when SE45 was provided 323 low concentrations of casamino acids as well as the highest (1, 4, and 400 µM; Student's t-test p 324 > 0.05). However, CO2 production on NOM was significantly lower than the mixed treatments at 325 40 µM-C casamino acids (Student's t-test p < 0.05) and acetate and coumarate at 400 µM-C 326 (Student's t-test p < 0.05). At low concentrations of casamino acids, the mixed and composite 327
treatments of E-37 were statistically indistinguishable according to the ANOVA model used 328 (Table 5 ). The low concentration mixed treatments for E-37 all had significantly higher rates of 329 CO2 production (~2-10 fold) than their corresponding LOM alone treatments (Tables S5-7 ). E-37 330 produced a synergestic response when stimulated with 400 µM-C acetate, casamino acids and 331 coumarate, yielding cumulative CO2 production values that were 2-to 5-fold higher than the 332 corresponding composite data (the sum of the NoC and LOM alone treatments) and rates that were 333 3-to 10-fold higher than the corresponding LOM alone data. (Fig. 2B, Tables 5, S5-7) . 334 335
Constructed community displays similar dynamics to single strains under mixed OM conditions 336
Given the differential response of individual strains to homogenous and mixed substrate 337 conditions, we next tested a six-member constructed community, which included both strains, to 338 assess interactive effects amongst community members with different metabolic capabilties. 339
Similar to the single strain experiments, concentration and source of the LOM addition interacted 340 significantly to determine viable cell densities at each time point in the 14-day experiment (Fig 1,  341 Table S8). For each source of LOM, the viable cell densities produced at 400 µM-C were 342 significantly greater than those at lower LOM concentrations (three-way ANOVA, n=5, p<0.001 343 for all time points). For mixed NOM + LOM substrate experiments, the community demonstrated 344 a synergistic growth response, for at least one time point, to all LOM sources at 400 µM-C, and 345 tryptone at 40 µM-C and 4 µM-C (Fig. S4, Table 4 ). Though in some treatments (e.g., 4 µM-C 346 13 tryptone and acetate and 400 µM-C casamino acids) this was preceded by an initial antagonistic 347 interactive response. Relative to the 400 uM concentrations, the community displayed a significant 348 reduction in viable counts when supplied with each LOM source at 1 µM-C; the intervening 349 concentrations showed varying responses. The six-member constructed community was best able 350 to utilize tryptone for growth; the three other LOM types reached cell densities ~25% of tryptone-351 fed cultures (Fig. 1) . By Day 14, communities showed ~60% decline in maximum viable cells on 352 all of the substrates at 400 µM, except coumarate, for which there was 90% mortality (Fig 1) . 353
354
No synergistic responses were observed in the constructed community when respiration was used 355
as the measure of microbial activity. However, significant antagonistic responses were observed 356 in the 40 µM-C casamino acids treatment (Table 5) , as well as significantly lower CO2 production 357 rates (1.5-fold) compared to the LOM treatment (three-way ANOVA, n=3, p<0.001, Tables S5-358 7), corroborating some of the antagonistic results from the viable count-based approach used in 359 the first experiment (see Figs. 1 and 4 ). CO2 production rates were 1.3 and 1.5-fold higher in the 360 mixed treatments than the LOM alone treatments for the low concentrations (1 and 4 µM-C) of 361 casamino acids treatments (three-way ANOVA, n=3, p<0.001) and were statisitically 362 indistinguishable at the highest LOM concentrations (Tables S5-7) . 363
364
LOM type drives microbial community composition 365
We next assessed the influence of concentration and source of LOM on community composition 366 in the six-member culture. Species diversity decreased with increasing LOM concentration in both 367 single and mixed OM substrate treatments (Fig. S5) . At the highest LOM concentration, 368 mesocosms were dominated by a single strain: either SE45 on coumarate or Y4I on the other three 369 LOM types (Fig. 3) . Treatment (mix or composite), LOM concentration, and LOM source 370 interacted significantly to influence species diversity for all time points, with the exception of Day 371 2 where only LOM concentration and source interacted significantly (three-way ANOVA, n=5, 372 p< 0.002 for all time points) (Table S9 ). LOM concentration, LOM source, and treatment 373 interacted significantly to drive differences between communities throughout the course of the 374 incubation (permutational MANOVA, p<0.05). Treatments using coumarate as LOM source 375 resulted in a community distinct from the other sources of LOM at 400 µM-C (Fig. 3) . Coumarate 376 communities were characterized by increased abundances of SE45, comprising up to 84-90% of 377 14 the community, compared to the other sources of LOM, where communities were dominated by 378 strain Y4I (up to 85-98% of the community) (Fig. 3) . Mixed LOM + NOM treatments had 379 increased viable cell abundances for E-37 and SE45 compared to LOM alone treatments and both 380 of these strains have increased viable cell densities in the NOM alone treatments compared to No 381 C (Figs. 1 and 3) . The community composition within the respirometer experiments generally 382 mirrored that of the viable counts experiment in which Y4I was the most abundant member of the 383 community for all sources of LOM, with the exception of the coumarate treatments (Fig. S6) . The 384 most notable difference between the community composition in the viable count vs respirometer 385 experiments is that Y4I maintained higher relative abundances at lower concentrations of LOM 386 than in the viable counts (Fig. S6) . strains, E-37, SE45, and Y4I, are predicated to encode prophage (Table 2) , though to our 457 knowledge induction of these prophages has not yet been demonstrated for any of these putative 458 lysogens. Nonetheless, recent evidence suggests a correlation between bacterial productivity and 459 lysogenic to lytic conversion in natural systems (Brum et al. 2016) . Indeed, these two ideas are not 460 mutually exclusive as increased bacterial metabolism could lead to enhanced production of toxic 461 metabolic by-products that could, in turn, induce a global stress response in bacterial strains, 462 initiating a lysogenic-lytic conversion (Feiner et al. 2015) . antagonistically. The differential ability of SE45 and E-37 to undergo synergistic interactive 499 effects through the addition of tryptone suggests that the expression and/or activity of extracellular 500 enzymes could be an important factor in the onset of interactive effects. While monocultures of E-501 18 37 ultimately reach similar viable cell densities as all other members of the community, E-37 502 displays a considerably longer lag phase relative to the other strains when grown on 2 mM-C 503 tryptone as a monoculture (Fig. S7) . The delayed growth on tryptone may prevent E-37 from 504 exhibiting a synergistic response with tryptone plus NOM when grown by itself. However, E-37 505 outperforms SE45 in the constructed community when provided low concentration of tryptone, 506 which as discussed below, is indicative of synergistic interactions between community members. 507
Both E-37 and SE45 undergo a synergistic interactive effect in the 40 µM-C acetate mixed 508 treatment. However, the community undergoes an antagonistic interacive effect under the same 509 conditions. It is plausible that competition with Y4I, the overwhelming dominant member of the 510 community at high LOM concentrations of tryptone, casamino acids and acetate, contributes to the 511 antagonistic effect seen in the constructed community treatments by preventing either E-37 or 512 SE45 from performing necessary metabolic processes required for a synergistic response. 513
514
In agreement with our earlier report that a natural estuarine microbial community underwent a 515 significant positive interactive effect with the addition of a globular protein (bovine serum 516 albumin, provided at 500 µM) (Steen, Quigley and Buchan 2016), the constructed community 517 analyzed in this study displayed synergistic interactive effect in the presence of tryptone, an 518 assortment of peptides, at 400 µM. However, timing of a response differed: it was delayed in the 519 the constructed community with tryptone (occurring during the second week of incubation) 520 compared to an immediate priming response by the natural community provided complex protein. 521
While there are many factors that could contribute to this apparent temporal disconnect, the 522 relatively low strain diversity of the constructed community may be a key driver. By day 1, the 523 constructed community was dominanted by a single strain: Y4I comprised 98% of the community 524 in this treatment. Y4I belongs to the genus Phaeobacter, members of which were recently shown 525 to bloom in the presence of Arctic riverine, dissolved organic matter (Sipler et al. 2017) . 526
Additionally, we earlier observed that acetate (at 500 µM-C) repressed the ability of a estuarine 527 microbial community to degrade phytoplankton necromass (Steen, Quigley and Buchan 2016) . 528
However, in the current experiments all bacterial inocula demonstrated a synergistic growth 529 response to the addition of acetate, at the highest concentration (400 µM-C). Collectively, these 530 findings demonstrate that the substrate conditions that result in OM interactive effects are species-531 specific and thus dictated by the composition and metabolic potential of a community. 532
533
Carbon sources shape the composition and diversity of the constructed community 534
While scant information exists on how interactive effects influence community composition, 535 studies that indicate riverine DOM structures the composition of microbial communities along the 536 river-estuary continuum provide a useful comparative framework (Langenheder et al. 2004 ; 537 Blanchet et al. 2017) . One report using an estuarine community incubated with riverine DOM and 538 casamino acids saw no evidence for interactive effects and only minor alterations in microbial 539 community composition . In contrast, we observed that the diversity of our 540 constructed microbial community was influenced significantly both by the carbon sources present 541 (e.g. LOM, NOM, or mixtures of the two) and the concentrations and sources of the LOM (Table  542   S9 ). E-37 has been previously shown to simultaneously catabolize aromatic compounds via two 543 different ring cleaving pathways, the benzoyl Co-A and protocatechuate pathways, and derive a 544 beneficial effect when grown on a mixture of carbon substrates compared to either substrate 545 presented alone (Gulvik and Buchan 2013) . The metabolic synergy between these two aromatic 546 carbon catabolism pathways may also be a mechanism for OM interactivities that has been 547 previously overlooked. 548 549 Our studies reveal that structure of the constructed communities may often be determined by the 550 concentration of LOM provided, regardless of chemical form. With the exception of the highest 551 coumarate concentration treatment, a general trend emerged: as the concentration of LOM 552 increases, the diversity within the constructed community decreases. This stands in contrast to 553 some prior studies in which increasing amounts of autochthonous carbon resulted in increased 554 degradation of allochthounous carbon, with little to no effect on bacterial community composition 555 (Attermeyer et al. 2014 ). This decrease in diversity was most pronounced in the highest LOM 556 additions (400 µM-C), where a single strain (Y4I) dominated all, but the coumarate, treatments. 557
The shorter lag phase and faster growth rate of Y4I relative to other members of the community 558 when grown on labile substrates may have allowed Y4I to gain an early foothold in the community. 559
This possibility is supported by the fact that the numerical dominace of Y4I began as early as day 560 1 in the incubations, after which it either increased in terms of relative abundance or maintained 561 its numerical dominance in the community (Fig. 3) . The stark contrast in community composition 562 between those cultures provided coumarate compared to the other LOM types is likely due to the 563 20 unique ability of SE45 and E-37 to utilize coumarate as a carbon source. For the coumarate 564 treatments, SE45, and to a lesser extent E-37, become the most numerically abundant organisms. 565
Given that these strains are both ligninolytic they are likely better tuned to access the aromatic 566 carbon moieties characteristic of NOM (Gonzalez et al. 1997; Frank 2016) . cleavage by extracellular peptidases. Extracellular enzymes are generally considered "public 580 goods" because they may provide benefit to the community, while being costly for individuals to 581 produce. Individuals within a community who take advantage of public goods without producing 582 them are termed cheaters and cheating has been shown to increase in frequency in well-mixed 583 systems with high diffusion rates (Allison et al. 2014) , such as the culture conditions employed in 584 this study. 585
586
In coastal marshes, the dissolved organic carbon pool is highly heterogenous in both structure and 587 distribution. Similarly, the microbial communities in these systems display a high degree of genetic 588 and functional diversity and are patchy in both their abundances and activity. Deciphering the 589 complex chemical and biological interactions that unlie the mineralization of organic carbon in 590 these systems is a daunting challenge. Yet, a detailed understanding of the nature and sources of 591 LOM to estuaries, as well as the molecular mechanisms driving interactive effects, will be 592 necessary to understand the controls on microbial oxidation of terrestrial organic carbon in 593 
